The global increase of human immunodeficiency virus (HIV) infection over the past decade has intensified efforts to understand the phylogenetic origins and population dynamics of the HIV types 1 and 2 (HIV-1 and HIV-2) lentiviruses, the causative agent of AIDS. Lentivirus infection in humans is thought to have emerged from a recent transspecies infection of an ancestral lentivirus that may previously have been harbored in two groups of nonhuman primates (2, 10, 17, 35) . This inference is supported by the isolation of the simian immunodeficiency virus (SIV) SIV-CPZ, related to HIV-1, from a chimpanzee in Gabon and by the occurrence of SIV-SM, related to HIV-2, in sooty mangabeys (10, 19, 35, 48) . SIVs from Cercopithecus species, African green monkeys, display extensive inter se genetic divergence, suggesting that SIV infection in nonhuman African primates may be an ancient event (21, 37) .
Lentiviruses are highly unstable RNA viruses. The high error rates of the viral polymerase in DNA synthesis result in the rapid evolution of genetic variants following initial infection of the host organism (12, 18, 22, 46) . These evolving retroviral variants, or quasispecies, continue gathering mutations in vivo, resulting in the maintenance of a genetically diverse retroviral population throughout the term of viremia (4, 13) . Quasispecies have been observed to diverge as much as 5% across the proviral genome and are capable of divergent and convergent evolutionary schemes (3, 20) . The differentia-* Corresponding author. tion of HIV quasispecies may ultimately lead to the formation of "escape variants," pathological genomic mutants capable of avoiding host immune surveillance and possibly of enhancing disease progression (31, 43) .
Lentiviruses closely related to HIV have been isolated from monkeys, goats, sheep, horses, cattle, and cats (15, 17, 23, 36, 37, 48, 49) . The feline immunodeficiency virus (FIV) is a T-lymphotropic lentivirus that causes immune suppression by gradually depleting the CD4 T-cell subsets in domestic cats (Felis catus) (1, 42, 55) . FIV infection of the domestic cat provides a useful small animal model for the study of HIV infection in humans (44, 46) . Like HIV infection of humans, FIV causes gradual dysfunction of the feline immune system which results in immune deficiency and opportunistic infections in infected hosts (42, 55) . Although other transmission modes have not been adequately explored, FIV appears to be spread via the saliva during biting (54, 55) . Antibodies to FIV have been detected in several nondomestic felid species, including cheetahs, pumas, bobcats, jaguars, and leopards (5, 7, 8, 25, 37) .
East African lions (Panthera leo) inhabit the Serengeti reserve and Ngorongoro Crater in Tanzania. Although these lion habitats are contiguous in East Africa, the two populations reflect quite different natural histories. The Ngorongoro Crater lions are known to have undergone a series of population bottlenecks that had previously reduced the Crater population to as few as 10 individuals (29, 32, 41, 53 (41) . Lake Manyara has a small isolated lion population that is well-known because the lions sleep in the trees. The Gir Forest population consists of about 250 lions descended from a near extinction of the Asiatic lion subspecies P. leo persica due to overhunting at the turn of the 20th century (32, 53 (11) . Distances are expressed on the basis of percent nucleotide mismatches. (a) Neighbor-joining phenetic tree using a distance matrix based on the algorithm of Saitou and Nei (45) within the PHYLIP (phylogenetic inference package) program, version 3.51c (14) . The numbered branch lengths are the percent nucleotide divergence between proviral sequences. In parentheses are the percentages of bootstrap iterations (of 100) that support the adjacent node. Brackets indicate sequences from individual lions and from clade groups. (b) Phylogenetic tree derived from the PAUP (phylogenetic analysis using parsimony) program, version 3.0 (50) . A strict bootstrap consensus tree based on a midpoint root and on stepwise addition is shown. The branch lengths are presented as the number of nucleotide substitutions (preceding the shill) along with the number of unambiguous substitutions (following the shill). The number of unambiguous sites is equal to branch length minus the substitutions exhibiting homoplasy. The tree shown has an overall length of 521 changes and a consistency index of 0.70, indicating a 30% convergence level. Bootstrap values (of 100 iterations) are given in parentheses in support of each node. (c) Maximum likelihood tree generated by the DNAML program of the PHYLIP package (14) . The final phylogeny of this tree was based on the most likely topology to emerge from the examination of 6,387 trees. The tree was generated by using a transition/transversion ratio of 2. Branch lengths are estimates of substitutions relative to the tree and are shown as 100 times the expected number of substitutions per site. Branch lengths not significantly different from zero were collapsed into polytomies. Asterisks indicate significant support (P s 0.01) for adjacent divergence node. The In likelihood for the presented tree is -2,967.80. All trees were rooted with HIV-1 as the outgroup. The number immediately following the virus species abbreviation (e.g., FIV-Ple) represents an animal number, while hyphenated suffixes represent different molecular clones from PCR products of the same lion. (14) . This tree phylogeny was based on the most statistically significant tree of 12,609 trees examined. This tree was generated using a transition/transversion ratio of 2. Branch lengths are substitutions, relative to the tree shown, shown as 100 times the expected number of substitutions per site. Branch lengths not significantly different from zero were collapsed into polytomies. Asterisks indicate significant support (P c 0.01) for adjacent divergence node. The In likelihood for the presented tree is -3,217.38. See legend to populations of lions rather than in another felid species, with subsequent and recent transfer to lions. These findings are consistent with the presence of FIV-Ple in some, but not all, lion populations for a long period, possibly as far back as species divergence of the genus Panthera (the great cats: lion, tiger, leopard, snow leopard, and jaguar) (52 (16, 30, 32, 39, 41) . Positive control serum was obtained from experimentally infected cats or seropositive lions, while negative serum came from seronegative cats. Lion serum/plasma samples were tested against FIV-Petaluma domestic cat viral antigens for the presence of cross-reactive antibodies by Western blot as previously described (7, 8, 37 (37) . Three-milliliter overnight cultures were prepared from 10 clones, and phagemids were then harvested in ion-exchange columns (Qiagen). Multiple phagemid clones were then sequenced by Sanger chain-termination methods on an ABI 373A automated sequencer (Applied Biosystems Inc.). M13 and T3/T7 primer binding sites were used to initiate forward-and reverse-strand reactions. For lions S6, S7, S27, S33, S38, S39, S40, S16, S29, and S43 oligonucleotide primers containing M13 universal primer sequences were used with the first-round PCR products to yield a final product that was then sequenced directly. All sequence data were then transferred into the VAX/GCG (11) sequence handling program, and full-length fragments were assembled.
Phylogenetic reconstruction. Nucleotide sequences from the Serengeti, Tanzania, were subjected to phylogenetic analyses by using a total of 421 bp of nucleotide sequence which, when translated, yielded 139 amino acid residues. Shorter sequences from the Ngorongoro Crater (375 bp, 124 amino acids) and representative sequences (368 bp, 122 amino acids) from the Serengeti, Ngorongoro, Lake Manyara, Tanzania, and Kruger Park, South Africa were also analyzed. Sequences were aligned by the GAP program of the Genetics Computer Group (University of Wisconsin) computer software package (11, 28) . Distances are expressed on the outcome of percent nucleotide sequence identity. Gaps were given a weight equivalent to a single nucleotide substitution, regardless of length. Three different phylogenetic algorithms were used. The phenetic algorithm Neighbor-joining, was available through PHYLIP version 3.51c (14, 45) . The second method utilizes the principle of maximum parsimony, available in PAUP version 3.0 (50, 51) . The third procedure employed the maximum likelihood approach, available in DNAML in PHYLIP (14) . Phenetic (distance matrix based) and maximum parsimony analyses were also performed on the representative FIV-Ple amino acid sequences from all geographic locales.
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper have been deposited into the GenBank sequence database under the following accession numbers: U06010 (llvcll-1), U06011 (llvcll-2), U06012 (llvcll-3), U06013 (llvcll-4), U06014 (llvcl2-2), U06015 (llvcl2-4), U06016 (llvcl2-6), U06017 (lv12-9), U06018 (llvcl6-1), U06019 (llvcl6-2), U06020 (llvcl6-3), U06021 (llvcl6-4), U06022 (11vc20-14), U06023 (llvc20-17), U06024 (llvc20-18), U06025 (llvc2O-2), U06026 (llvc2O-21), U06027 (l1vc24-10), U06028 (llvc24-2), U05990 (llvc24-3), U05991 (l1vc24-7), U05992 (llvc26-12), U06029 (llvs54-2), U06030 (llvs4-3), U06031 (llvs4-5), U06032 (llvs4-6), U06033 (llvs4-9), U06043 (llvs62-1), U06044 (llvs62-5), U06045 (llvs62-6), U06036 (llvs56-6), U06037 (llvs56-9), U06039 (llvs68-3), U06040 (llvs68-8), U06041 (llvs68-9), U06002 (llvs30-1), U06003 (llvs30-10), U06004 (llvs3O-4), U06005 (llvs30-5), U06006 (llvs3O-9), U06034 (llvs40), U06035 (llvs43), U06038 (llvs6), U06042 (llvs7), U05999 (llvsl6), U06000 (llvs27), U06001 (llvs29), U06007 (llvs33), U06008 (llvs38), U06009 (llvs39), U05997 (llvlm3-9), U05998 (llvlm4-1), U05993 (llvkplS3-10), U05994 (llvkpl65-8), U05995 (llvkpl75-8), and U05996 (llvkpl77-9). RESULTS 
Serological incidence of FIV-related lentiviruses in lions.
Plasma samples from 406 lions were typed by Western blot for antibodies to feline lentiviruses antigenically related to FIV (Fig. la) . The serological status for FIV cross-reacting antibodies of free-ranging African and Asian lions from seven populations is presented in Fig. lb . As previously reported (7, 8, 37) , exposure to FIV-related lentiviruses appears to be endemic in East African lion populations. The incidence of seropositive lions was 84% in the Serengeti, 70% in the Ngorongoro Crater, 80% in Lake Manyara, and 91% in Kruger Park. Two lion populations, Asiatic lions from India and African lions from Etosha Pan in Namibia, were all seronegative ( Fig. la and b) (8, 37) .
Natural seroconversion (transition from antibody-negative to -positive) in two East African male lions was observed (Fig.  lc) . Multiple serum samples were drawn from these two individuals in different years. At the first sampling date in 1987, both animals were seronegative, but by 1989 each animal possessed antibodies to the major FIV core protein (p26).
These findings affirm that, like domestic cat FIV (54), a lion lentivirus (FIV-Ple) is being transmitted horizontally within the species, possibly through bites during fighting. A comparison of FIV antibody status in parents with that in cubs was possible, as we had previously established the parentage of 72 cubs by using feline-specific DNA fingerprints (16, 39) . Eighteen percent (20 of 113) of cubs born to seropositive dams tested seronegative, and 20% (7 of 30) of cubs produced by two seropositive parents also were antibody negative. Five separate litters born to infected mothers were documented as having at least one seronegative cub, while two of these litters (n = 3 cubs per litter) were entirely free of FIV-Ple exposure. Conversely, 77% (7 of 9) cubs born to seronegative dams tested seropositive. The parent-cub discordance would suggest that horizontal transmission and not maternal infection is the primary route of transfer between free-ranging lions.
Isolation of lentivirus particles from lion PBMCs. PBMCs from five seropositive Serengeti lions were cocultured with donor PBMCs from Asha (Ple-73), a captive lion from The National Zoological Park, Washington, D.C. The supernatant from one lion, L75 (Ple-458), resulted in elevated magnesiumdependent RT activity (338,000 cpm) at 28 days (Fig. 2a) , indicating that a replication-competent retrovirus was transferred to the fresh PBMCs. A second coculture of fresh L75 lymphocytes was repeated; it also tested positive for RT activity. At the peak of RT activity, electron microscopic examination of the L75-Asha coculture supernatants (Fig. 2b) revealed the presence of individual virus particles with lentivirus morphology, including a bar-shaped cylindrical core characteristic of the primate lentiviruses. These lion lentivirus particles likely originated from L75, since Asha lymphocytes, although antibody positive for FIV p26, remained consistently RT and virus isolation negative when cultured with lymphocytes from two different seronegative lions and alone. Virus isolation from other lions was unsuccessful (Fig. 2a) . The Ngorongoro Crater FIV-Ple sequences were analyzed by using three different phylogenetic approaches: phenetic or distance matrix based, maximum parsimony, and maximum likelihood. The derived phylogenetic trees revealed several important aspects (Fig. 3) . First, in almost all cases the trees were topologically equivalent, irrespective of the phylogenetic method employed. The only exceptions involved the relative positions of multiple clones from a single lion. Second, in every case, clones from a single lion exhibited monophyly with respect to their host; that is, each clone sequence had another clone from the same lion as its nearest relative. Third, two very divergent phylogenetic lineages or clades, designated clades A and B, were resolved. The two clades appear among lions in the same small population. Lions C12 and C26 were inhabitants of the same pride, as were C24 and C11, with the two FIV-Ple clades spanning four prides overall in the Ngorongoro Crater. Fourth, the extent of sequence divergence between the two FIV-Ple clades (20 to 24% for nucleotide sequences and 10 to 18% for amino acid sequences) was large, on the order of the genetic distances between homologous pol regions observed for highly divergent geographic isolates of puma lentivirus, FIV-Pco (maximum 25% nucleotide sequence divergence; Fig. 3a ) (37) samples from lions from the Ngorongoro Crater, all of the cloned segments from within the same individual are monophyletic, suggesting clonal expansion of the infecting virus followed by the evolution of quasispecies. The two divergent lion clades, A and B, observed with lions from the Ngorongoro Crater were also evident for the Serengeti lions. However, a third sequence clade, designated clade C, also appeared. Clade C sequences show a greater divergence from those of either clade A or clade B than exists between clade A sequences and clade B sequences. Further, the nucleotide divergence (26%) between clade C sequences and those of the other two lion lentivirus (FIV-Ple) clades appears to be greater than any distances previously described for domestic cat lentivirus (FIVFca) or puma lentivirus (FIV-Pco) isolates (36, 37) . Phylogenetic analysis of the FIV-Ple sequences using three phylogenetic methods led to the following observations (Fig.  6) . First, the three FIV-Ple clades were found throughout the range of African lions. Bootstrap support for the three clades was very strong (100% for each with Neighbor-joining and 97 to 100% for maximum parsimony (Fig. 6a and b) , as was seen in Serengeti ( Fig. 4a and b) and Ngorongoro Crater (Fig. 3a  and b 
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. . (Fig. 7) . Furthermore, a single synapomorphy at residue 20 distinguishes clades B and C from dlade A (Fig. 7) . The phylogenetic reconstruction of the pol amino acid sequences was derived with the Neighbor-joining and PAUP algorithms (45, 50) . The evolutionary trees derived from these analyses are presented for the total FIV-Ple datum set in Fig.  8 . The pol-based amino acid trees recapitulate the topologies of the maj'or FIV-Ple lineages, A, B, and C, which were described with the nucleotide trees. However, the topology of several of the branch tips of the amino acid trees varies from that observed in the nucleotide analysis, possibly demonstrating the divergence plateau that these sequences may have reached due to the functional selection constraints of the RT molecule (4, 27) . Also 
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DISCUSSION
This study demonstrates the seroprevalence and phylogenetic divergences of FIV-related lentiviruses in several freeranging populations of lions. The seroprevalence of FIV in lions exceeds the incidence of cross-reactive antibodies to FIV in all other species of cat (7, 8, 37) and to SIV in free-ranging primates (2, 24, 35) . Interestingly, an intercontinental difference was observed with respect to lentivirus exposure. The absence of seroprevalence in Asian lions is reminiscent of the absence of SIV antibodies in free-ranging Asian primates (10, 19 (13, 20, 22, 31) .
The phylogenetic analysis of the FIV-Ple pol gene revealed the occurrence of three distinct clades with large sequence divergence levels compared with clades of previously described feline lentiviruses (37, 44) . The genetic distance between FIV-Ple clade sequences exceeds that between homologouspol sequences found in comparisons of other cat species and is on the order of the distances between lentiviruses from different species of cats. The most primitive clade appears to be clade C, which was found only in the Serengeti, although not all analyses implicated clade C (e.g., Fig. 6c ). The deepness of the clade divergences suggests a rather ancient separation of the clades, either in distinct cat species recently introduced into lions or in geographically isolated (allopatric) lion populations that have converged rather recently. The former explanation would gain credence if a lentivirus closely related to one of the clades were discovered in sympatric feline species (e.g., leopards, domestic cats, cheetahs, or African wild cats). Alternatively, the apparent monophyly of the three lion clades within the lion species would support their origin within allopatric lion populations. Whichever the final explanation, the lion lentivirus divergence is likely quite ancient, perhaps extending back to the radiation of the genus Panthera into the great cats-lion, leopard, jaguar, etc.-estimated at 1.6 to 2.0 million years ago (47, 52) .
It is not yet clear whether the occurrence of FIV-related lentiviruses is associated with immune deficiency or with any pathology in exotic cat species. Although there is compelling evidence for FIV-mediated CD4 T-lymphocyte depletion and associated loss in immune response in domestic cats (1, 9) , this has not been observed in wild feline species. However, neither are there sufficient data to conclude that FIV-Ple infection is benign. A thorough analysis of T-cell subsets, immune response, and potential pathology will be required before any firm conclusions can be drawn. If FIV-Ple proves to have little pathology, the situation would be reminiscent of the endemic SIV infection, with no clinical symptoms, in several freeranging African monkey species. In contrast, Asian macaques manifest an AIDS-like illness when infected with SIV but do not appear to be exposed to SIV in their natural habitat. It seems as if the African species have reached a host-virus accommodation or symbiosis over time, because of either natural selection of genetically resistant host survivors, natural genetic attenuation of viral pathology, or a combination of both. The examples of endemic lentivirus infection in lions and other wild felids provide a rare opportunity to investigate naturally selected solutions to historic outbreaks of debilitating viral infections.
